Faulting and off-axis submarine massive sulfide accumulation at slow spreading mid-ocean ridges: A numerical modeling perspective by Andersen, Christine et al.
RESEARCH ARTICLE
10.1002/2017GC006880
Faulting and off-axis submarine massive sulfide accumulation
at slow spreading mid-ocean ridges: A numerical modeling
perspective
C. Andersen1,2 , S. Theissen-Krah2, M. Hannington2,3, L. R€upke2, and S. Petersen2
1GFZ German Research Centre for Geosciences, Potsdam, Germany, 2GEOMAR, Helmholtz Centre for Ocean Research Kiel,
Kiel, Germany, 3Department of Earth and Environmental Sciences, University of Ottawa, Ottawa, Ontario, Canada
Abstract The potential of mining seaﬂoor massive sulﬁde deposits for metals such as Cu, Zn, and Au is
currently debated. One key challenge is to predict where the largest deposits worth mining might form,
which in turn requires understanding the pattern of subseaﬂoor hydrothermal mass and energy transport.
Numerical models of heat and ﬂuid ﬂow are applied to illustrate the important role of fault zone properties
(permeability and width) in controlling mass accumulation at hydrothermal vents at slow spreading ridges.
We combine modeled mass-ﬂow rates, vent temperatures, and vent ﬁeld dimensions with the known ﬂuid
chemistry at the fault-controlled Logatchev 1 hydrothermal ﬁeld of the Mid-Atlantic Ridge. We predict that
the 135 kilotons of SMS at this site (estimated by other studies) can have accumulated with a minimum
depositional efﬁciency of 5% in the known duration of hydrothermal venting (58,200 year age of the
deposit). In general, the most productive faults must provide an efﬁcient ﬂuid pathway while at the same
time limit cooling due to mixing with entrained cold seawater. This balance is best met by faults that are
just wide and permeable enough to control a hydrothermal plume rising through the oceanic crust. Model
runs with increased basal heat input, mimicking a heat ﬂow contribution from along-axis, lead to higher
mass ﬂuxes and vent temperatures, capable of signiﬁcantly higher SMS accumulation rates. Nonsteady
state conditions, such as the inﬂuence of a cooling magmatic intrusion beneath the fault zone, also can
temporarily increase the mass ﬂux while sustaining high vent temperatures.
1. Introduction
Since the ﬁrst active black smoker vent ﬁelds at Mid-Ocean Ridges (MORs) were discovered in the late
1970s [Corliss et al., 1979; Spiess et al., 1980], the formation of Submarine Massive Sulﬁde (SMS) deposits has
been the subject of extensive research, not least because of their widely perceived potential as a future
metal resource [Edmond et al., 1979; Francheteau et al., 1979; Lowell and Rona, 1985; Herzig and Hannington,
1995; Herzig, 1999; Schardt et al., 2003; German et al., 2016; Petersen et al., 2016]. Within the active neovol-
canic zone of the global MORs (and along submarine volcanic arc and back-arc spreading centers), it
has been estimated that the total amount of metal in SMS deposits is on the order of 3 3 107 t of Cu1 Zn
[Hannington et al., 2011]. However, the total amount of massive sulﬁde in deposits on the seaﬂoor, and
especially the rate and efﬁciency at which they accumulate, is still poorly constrained. Far greater resources
are expected in deposits that may be preserved in off-axis regions, encompassing many millions years of
seaﬂoor spreading. This includes both deposits that formed directly in off-axis regions and those that have
formed at the ridge axis and have been transported away by seaﬂoor spreading.
With an average spacing of 174 km, SMS deposits are more sparse on slow spreading ridges such as the
Mid-Atlantic Ridge (MAR) compared to an average spacing of 54 km on intermediate to fast spreading
ridges like the East Paciﬁc Rise. Although the number of hydrothermal vents on the fast spreading ridges is
large, the deposits formed there are on average smaller than deposits on slow spreading ridges [Fouquet,
1997; Hannington et al., 2011; German et al., 2016]. Despite their wider spacing, 86% of the total tonnage of
massive sulﬁde deposits at MORs is expected to occur on slow to ultraslow spreading ridges [Hannington
et al., 2011; German et al., 2016]. Extensive magmatic activity at fast spreading ridges frequently disrupts
hydrothermal ﬂuid pathways [Wilcock and Delaney, 1996; Fouquet, 1997; Hannington et al., 2011], and depos-
its are transported away more rapidly from the neovolcanic zone at the ridge axis due to the higher
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spreading velocity. By contrast, at slow spreading ridges magmatic activity is infrequent or entirely absent,
and seaﬂoor spreading is accommodated by tectonic extension along faults which penetrate to greater
depth in the crust [Escartin et al., 2008; Humphris et al., 2015]. Cannat et al. [2010] estimated that 20–25% of
the extension at slow spreading ridges is accommodated by detachment faulting. Such large-scale normal
faults can provide long-term pathways for circulating hydrothermal ﬂuids and thus sustain greater ﬂuid
ﬂow and formation of larger SMS deposits. In addition, slow and ultraslow spreading ridges apparently
experience more high-temperature venting than previously thought [German et al., 2016]. This combination
of long-lived permeable pathways and high-temperature venting (>3508C, necessary for efﬁcient metal
leaching and transport) at slow spreading ridges is ultimately responsible for the formation of the largest
deposits [Cathles, 2010; Hannington et al., 2011].
Based on global heat budgets, Baker and German [2004] predicted a total number of 1000 active hydro-
thermal vent ﬁelds along MORs. Today, the number of discovered vent ﬁelds, including MORs, volcanic arcs,
and back-arc spreading centers, exceeds 500 [Beaulieu et al., 2013, 2015]. Beaulieu et al. [2015] predicted
about 900 undiscovered vent ﬁelds, with almost half of them likely to occur at slow to intermediate spread-
ing ridges. More recently, Baker et al. [2016] suggested that venting may be far more common, by a factor
of 3–6, but this includes large numbers of low-temperature diffuse vents (<508C) that are not expected to
form mineral deposits. Measurements of heat ﬂux for individual vent ﬁelds vary by several orders of magni-
tude [Baker, 2007, and references therein], and in many cases are higher than estimated values from the
typical basal heat input for MORs: the heat output per vent ﬁeld at slow spreading ridges is 13816 1217
MW [Baker, 2007], while the equivalent basal heat ﬂux, originating from cooling and crystallization of the
oceanic crust, is about 16 MW per km ridge axis [Sinha and Evans, 2004] for a spreading rate of 20 mm/yr.
This discrepancy raises crucial questions about slow spreading ridges and global heat budget calculations:
Are slow spreading ridges in steady state and, if not, what are the consequences for numerical simulations
of heat and ﬂuid ﬂow during hydrothermal circulation at MORs?
A previous study conﬁrmed that intrinsic properties of faults (width and permeability contrast) control the
circulation pattern of hydrothermal ﬂuids but also have a direct inﬂuence on ﬂuid temperatures [Andersen
et al., 2015]. The present study shows that the nature of faults also has a direct inﬂuence on mass accumula-
tion rates of SMS deposits. We use modeled hydrothermal vent temperatures at the Logatchev 1 Hydrother-
mal Field (LHF1) on the Mid-Atlantic Ridge to derive tonnage estimates for SMS deposit formation and
assess the required depositional efﬁciencies as a function of permeability and width of the fault zone host-
ing the hydrothermal system. Our model results indicate which types of fault zones have the greatest
potential to form large SMS deposits on the seaﬂoor. We further investigate the possible role of a cooling
magmatic intrusion as a heat source (i.e., nonsteady state conditions) and the potential impact of mining
heat from greater lengths of ridge axis as a means for developing mass ﬂuxes sufﬁcient to produce larger
deposits, such as the TAG hydrothermal mound. We further illustrate that permeability and basal heat input
driving hydrothermal circulation should be considered as coupled parameters, not only in homogeneous
systems but even in such, which include heterogeneities such as a permeable fault.
2. The Logatchev 1 Hydrothermal Field
2.1. Subseafloor Geology at the Logatchev 1 Vent Field
The LHF1 is located at 148450N on the MAR, 8 km east to the ridge axis (Figure 1a), on a segment, undergo-
ing asymmetric crustal accretion and detachment faulting [Escartin et al., 2008]. The vent ﬁeld is located at
the base of a large N/S trending fault structure representing the intersection of a ridge parallel detachment
fault with the seaﬂoor (Figure 1d). Core complex formation is manifested in serpentinized ultramaﬁc out-
crops [Petersen et al., 2009]. Intrusions of gabbro are also common in the subseaﬂoor along this ridge seg-
ment [Bach et al., 2004; Augustin et al., 2008] and have been estimated to account for 20–40% of the host
rock in the area [Petersen et al., 2009]. Microearthquake data suggest that the Logatchev ridge segment is
currently dominated by tectonic extension [Grevemeyer et al., 2013] (Figures 1a and 1b), and the deforma-
tion is concentrated off-axis along the eastern rift mountains in the vicinity of the LHF1. Hypocenters of
earthquakes related to normal faulting (yellow dots) are aligned with the surface bathymetric expression of
the detachment fault near the LHF1 (Figures 1a and 1d) and likely mark the subsurface continuation of that
fault zone. The associated zone of fracturing is interpreted here as the permeable pathway for hydrothermal
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Figure 1. Geological constraints used to design the numerical model. (a) Seaﬂoor bathymetry in the area of the off-axis LHF1 hydrothermal ﬁeld (vent ﬁeld location marked by red/white
star) and observed seismicity marked by red (diffuse earthquake events) and yellow dots (normal faulting focal mechanism) [Grevemeyer et al., 2013]. The model is located along the
blue transect line (also seen in Figure 1b). Locations of ocean bottom seismometers are marked by black triangles. (b) Ridge-perpendicular cross section, where the circulation of
hydrothermal ﬂuids in the oceanic crust was modeled. Most of the earthquakes related to normal faulting roughly line-up along a fault zone dipping from LHF1 toward the ridge axis. In
the model, total heat ﬂuxes of 22 or 88 kW per meter ridge axis are applied at the base of the domain. (c) Detailed map of the LHF1 hydrothermal ﬁeld including vent site locations, style
of venting, lithologies, sample numbers, and methods. (d) Overview map of the regional bathymetry around the LHF1 site with the vertical crest of the associated detachment fault
clearly visible. Figure modiﬁed from Petersen et al. [2009], Grevemeyer et al. [2013], and Andersen et al. [2015].
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ﬂuids feeding the LHF1 vent system. The diffuse seismicity surrounding the fault zone (red dots in Figures
1a and 1b) probably reﬂects thermal stresses and cracking caused by the rising hydrothermal ﬂuids. A high
thermal gradient, most likely produced by a subvolcanic heat source, is considered to provide the necessary
heat input to drive the hydrothermal system. This is supported by the absence of earthquakes deeper than
9 km below sea level [Grevemeyer et al., 2013]. A structural model of the LHF1 site suggests that this low-
angle detachment fault plays a major role in transporting the ﬂuids from the heat source to the seaﬂoor.
During ascent, the ﬂuids pass through units of different permeability causing them to be diverted into the
distinct vent sites observed at the LHF1 site (e.g., Figure 1c) [Petersen et al., 2009].
2.2. Hydrothermal Activity and Fluid Chemistry
The LHF1 ﬁeld consists of seven NW-SE aligned high-temperature vent sites [Petersen et al., 2009]. Venting is
distributed over a strike length of about 500 m, including two small sulﬁde mounds (Irina II and Site ‘‘A’’)
and a number of so-called smoking craters, where venting occurs from small (1 m or less) sulﬁde chimneys
at the rim of depressions (up to several tens of meters in diameter) in the seaﬂoor or directly from holes
within the crater. The maximum measured vent temperatures are between 3508C [Schmidt et al., 2007]
and 3608C [Fouquet et al., 2008], and metal (Zn1Cu1 Fe) and H2S concentrations in the vent ﬂuids are
160 and 27 ppm, respectively [Douville et al., 2002]. The SiO2 concentration is 516 ppm [Klevenz et al.,
2011]. Augustin et al. [2008] suggest that this unexpectedly high SiO2 concentration may be due to loss of
silica from cooling gabbros, which is consistent with intrusions being the heat source for hydrothermal
activity. H2S concentrations have increased over about a decade from 27 to 85 ppm [Schmidt et al., 2007].
The total H2S-SiO2-metal concentration is now between 700 and 760 ppm. Apart from the variations in H2S
concentration (less than 10% of the total mass ﬂux of metals, sulfur and silica, the major components form-
ing a SMS deposit), the ﬂuid composition has remained stable for at least the last decade [Schmidt et al.,
2007]. The oldest massive sulﬁdes from the LHF1 have been dated to 58,200 years [Cherkashov et al., 2010],
which gives a minimum age for the start of SMS accumulation. Based on the mapped sizes of the deposits,
a total mass accumulation of about 135 kilotons has been estimated for the LHF1 ﬁeld [Hannington et al.,
2010]. This estimate is calibrated to the surface areas of other SMS deposits worldwide and is signiﬁcantly
less than the 2 3 106 tons originally suggested based on the area of venting by Cherkashov et al. [2010].
ROV-mapping and drilling at LHF1 support the lower estimate; massive sulﬁdes are rare in drill cores and
gravity cores and if present only occur as a thin layer on top of the cores. No sulﬁdes have been drilled
away from the active vent sites [Petersen et al., 2009]. Importantly, the Logatchev sulﬁdes contain high con-
centrations of copper and gold [Petersen et al., 2009; Cherkashov et al., 2010], consistent with a very high for-
mation temperature.
3. Methods
3.1. Numerical Model for Hydrothermal Flow
The geological constraints for the modeling are illustrated in Figure 1 and are also described in detail in
Andersen et al. [2015]. The numerical mesh includes the seismically imaged feeder zone, local seaﬂoor
bathymetry, and a fault zone with varying width, ranging from a narrow 1 m permeable fault to a 500 m
wide deformation zone (up to 2000 m in additional runs shown in section 5). Figure 1b shows the modeled
cross section. We use different permeabilities for the fault zone, kf, to represent the different permeability
contrasts (c5 kf/kb5 3, 10, 30, and 100) to the surrounding host rock. Permeability and vent temperatures
are known to be inversely correlated in systems with a constant basal heat input [Driesner, 2010]. A sufﬁ-
ciently low host rock permeability, kb5 10
215 m2 (in the ﬁrst set of simulations) and 4 3 10215 m2 (in simu-
lations with elevated basal heat input), was therefore chosen, which allows for high-temperature venting
(see also section 5 and Figure 5). Simulations including a fault zone predict lower vent temperatures due to
the entrainment of colder ﬂuids [Andersen et al., 2015].
3.2. Governing Equations for 2-D Hydrothermal Convection
Hydrothermal circulation is resolved by solving Darcy-type ﬂuid ﬂow through porous media. We will use
indices f and r to refer to ﬂuid and rock properties, respectively.
~v52
k
lf
rp2qf~gð Þ; (1)
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where~v is the Darcy velocity, k is permeability, lf the ﬂuid’s dynamic viscosity, qf ﬂuid density, p pressure,
and~g the gravitational acceleration vector.
Mass conservation of the ﬂuids is expressed by
/
@qf
@t
52r  ~vqfð Þ; (2)
with / being the porosity of the rock. Substituting equation (1) into (2) and noting that the ﬂuid’s density is
a function of temperature T and pressure p yields the pressure equation,
/qf bf
@p
@t
2af
@T
@t
 
5r  qf
k
lf
rp2qf~gð Þ
 
; (3)
where af is the ﬂuid’s thermal expansivity and bf its compressibility.
Hydrostatic pressure at the seaﬂoor depth where the LHF1 hydrothermal ﬁeld is located is 30 MPa, higher
than the critical pressure of pure water (22.1 MPa). This ensures that the ﬂuid will always be in the single-
phase region with no phase separation taking place. We can thus formulate energy conservation as a func-
tion of temperature,
/qf cpf1ð12/Þqrcprð Þ
@T
@t
5r  K rTð Þ2qf cpf~v  rT1
lf
k
~v22
@ lnq
@ ln T
 
p
Dp
Dt
; (4)
with cp being heat capacity and K the thermal conductivity of the rock. Fluid and rock are assumed to be in
local thermal equilibrium (i.e., T5 Tr5 Tf) so that the mixture appears on the left-hand side of equation (4).
Changes in temperature depend on conductive heat transport (ﬁrst term on right-hand side), advective
heat transport by ﬂuid ﬂow (second term), heat generation by internal friction of the ﬂuid (third term; vis-
cous dissipation) [e.g., Magyari et al., 2005, p. 374], and pressure-volume work including dependence of
enthalpy on pressure (fourth term) [Bird et al., 2007, p. 337]. All ﬂuid properties ðaf ;bf ;qf ; lf ; cpf Þ are func-
tions of both temperature and pressure and are evaluated from precalculated lookup tables based on the
IAPS-84 formulation of water and steam properties. The tables have been computed using the program
PROST 4.1 (PROperties of water and STeam developed by Bauer [1998]), which is available at http://ﬂuidos.
etsii.upm.es/faculty/Jaime_Carpio/Fumatas_negas/PROST%20Properties%20of%20Water%20and%20Steam.
htm.
3.3. Numerical Formulation and Solution Techniques
In the simulations three-node triangular elements form unstructured meshes. The elements size varies in
different regions of the model (hundreds of meters in outer regions, far away from the hydrothermal plume
and tens of meters in regions closer to the rising plume). Resolution is high (<5 m) close to the bottom
boundary layer and in the modeled fault zone, which is always resolved by more than one element, even
for the most narrow faults of 1 m. The equations for velocity (1), pressure (3), and temperature (4) were
solved separately using an implicit Finite Element Method (FEM): equation (3) was solved to derive the pres-
sure ﬁeld, then equation (1) to obtain Darcy velocities. Equation (4) was solved by operator splitting: the
advection term is treated by a semi-Lagrange scheme with second-order accurate Predictor-Corrector inte-
gration along ﬂow trajectories and a cubic interpolation scheme on the unstructured mesh. The diffusion
part of the energy equation was also solved using an implicit FEM approach. This algorithm has been imple-
mented into a modiﬁed version of the MATLAB code MILAMIN [Dabrowski et al., 2008]. All matrix equations
were solved using the Cholesky direct solver of the numerical library SuiteSparse [Davis and Hager, 2009]
(http://www.cise.uﬂ.edu/research/sparse/SuiteSparse/).
3.4. Applied Boundary Conditions
All domain boundaries were assumed to be impermeable except the top boundary, through which the ﬂuid
is able to enter and leave the model domain. Both lateral boundaries are insulating. At the top boundary,
which simulates the seaﬂoor, we used a mixed boundary condition: temperature is set to 48C seawater
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temperature at nodes where recharging
ﬂuids enter the model domain, and the
vertical temperature gradient is set to zero
@T
@z50
 
at discharge nodes to mimic free
venting conditions.
At the bottom boundary a Gaussian-
shaped heat ﬂux proﬁle is applied
Hf xð Þ5Hf0 exp 2 x2xoð Þ
2
2r2
 !
; (5)
where Hf(x) denotes heat ﬂux in W/m2 and
x0 the center of the heat source at
x05 6500 m. The parameter Hf0 is adapted
such that the total integrated heat input at
the bottom equals 22 kW per meter ridge axis, the estimated average value for slow spreading ridges such as
the Mid-Atlantic Ridge [Sinha and Evans, 2004] or to 88 kW/m in the runs with increased heat input. The half
width, r, of the Gaussian heat-ﬂow proﬁle (Figure 1b) is 1.25 and 2 km, respectively, and its shape approxi-
mates the heat input from a 1 km wide zone of gabbroic intrusions at the base of the inferred fault, which
are assumed to drive hydrothermal convection at LHF1 and which have roughly magmatic temperatures. All
model parameters and rock properties are listed in Table 1.
3.5. Calculation of 3-D Mass-Flow Rates, SMS Tonnages, and Accumulation
Based on the published vent ﬂuid chemistry of the LHF1 [Douville et al., 2002; Schmidt et al., 2007; Klevenz
et al., 2011] (see also section 2.2), we use a total H2S-SiO2-metal concentration of 730 ppm to derive ﬂuxes of
hydrothermal components in the vent ﬂuids resulting from our calculated mass-ﬂow rates. Due to the temper-
ature dependency of metal solubility, only ﬂuids with a temperature of at least 3508C are included in the mass
ﬂux calculations. The depositional efﬁciency is a measure of how much of the total dissolved metals, sulfur,
and silica that reach the seaﬂoor contribute to the formation of vent-related massive sulﬁde deposits versus
the amount that is ejected as ‘‘black smoke’’ into the water column. Published estimates of global and local
SMS depositional efﬁciencies range from a low of 0.3% [Hannington et al., 2011] to a high of 30% [Humphris
and Cann, 2000]. We use intermediate values of 2.5, 5, and 10% (showed in detail in Table 2) as well as the
wider range above from 0.3 to 30% (Figure 3) to predict the mass accumulation in the LHF1 deposit.
Table 1. Applied Parameters for the Model Runs of the LHF1
Hydrothermal Field (See Text for Details)
Parameter Value Unit
Basal heat input 12.5; 22; 88 kW m21
Half-width heat source r 1.25; 2 km
Fault width d 1–500; 1–2000 m
Rock properties
Density 2750 kg m23
Porosity 10 %
Conductivity 2; 2.7 W m21 K21
Speciﬁc heat 880; 1760 J kg21 K21
Background permeability kb 0.53; 13; 23; 4 3 10
215 m2
Permeability contrast (c5 kf/kb) 3; 10; 30; 100
Fluid properties
IAPS 1984 (PROST 4.1)
thermodynamic tables
Table 2. Numerical Model Results for SMS Formation at the LHF1 (Basal Energy Input Corresponding to Slow Spreading Ridges),
Achieved With Different Model Setups (Varying Permeability Contrast, c, and Fault Width, d, Relative Fault Transmissibility, u5 c3 d)a
Run # u (c 3 d)
Permeability
Contrast,
c (kf/kb)
Fault
Width,
d (m)
Vent
Temperature
(8C)
Tonnage/Accumulation Rate
2.5% 5% 10%
(ktons) (t/yr) (ktons) (t/yr) (ktons) (t/yr)
1 500 10 50 360 65 1.1 130 2.2 260 4.4
2 600 30 20 360 45 0.8 90 1.5 180 3
3 700 100 7 358 65 1.1 130 2.2 260 4.4
4 750 3 250 353 30 0.5 60 1 120 2
5 750 10 75 354 28 0.5 55 0.9 110 1.8
6 750 30 25 357 25 0.5 50 0.9 100 1.8
7 900 10 90 354 15 0.3 30 0.5 60 1
8 900 30 30 352 10 0.2 20 0.3 40 0.6
9 1000 100 10 355 40 0.7 80 1.4 160 2.8
10 1200 3 400 350 13 0.2 25 0.4 50 0.8
11 1350 3 450 351 30 0.5 60 1 120 2
Min. 500 3 7 350 10 0.2 20 0.3 40 0.6
Max. 1350 100 450 360 65 1.1 130 2.2 260 4.4
aVent temperatures between 350 and 3608C have been measured at the LHF1 and are met by the model runs presented. Run 1
(printed in bold) is also shown in Figure 2 and agrees well with the LHF1 deposit size (135 kilotons). All results consider the age of the
SMS deposit (58.2 kyr). SMS tonnages for the 11 runs are plotted in Figure 3 for a wider range of depositional efﬁciencies. The runs are
marked in Figure 4 by black marker outlines.
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The assessment of the mass ﬂux
below the LHF1 hydrothermal
vent ﬁeld requires extrapolation
from our 2-D model results to
3-D. In a previous study Schardt
et al. [2006] assumed that
the hydrothermal plume rising
through the oceanic crust below
a fault feeds one single black
smoker, and they scaled ﬂuid
velocities to vent discharge
velocities through the modeled
surface area. In our simulations,
the hydrothermal plume rising to
the seaﬂoor has a diameter of
several hundred meters and is
thought to feed all vents that
belong to the LHF1 hydrothermal
ﬁeld (Figure 1c). We calculate the
total discharge (3-D mass-ﬂow
rate) from all vent sites by inte-
grating the 2-D ﬂuid mass-ﬂux
(obtained from velocities and
densities of surface nodes) over a
circular area in map view, with
the full diameter being the width
of the 2-D plume.
4. Results From Numerical Simulations of Hydrothermal Fluid Flow
4.1. SMS Formation at the Logatchev 1 Hydrothermal Field
Figure 2 shows the temperature distribution of the modeled hydrothermal ﬂow including a 50 m wide fault
zone with an average permeability 10 times higher than the surrounding rocks. In the model, the hydrother-
mal ﬂuids ascend along the permeable fault zone and surrounding rocks and discharge at the seaﬂoor close
to the location of venting at LHF1 (i.e., at the termination of the fault). Although the permeability in the host
rocks is low, it is not ‘‘zero’’ but ﬂuids ascend more slowly. The resulting modeled upﬂow zone is 660 m wide
when reaching the seaﬂoor and the maximum ﬂuid temperature is 3578C, which ﬁts well with the maximum
measured temperature of 3608C at LHF1. The 3-D scaled mass-ﬂow rate in the plume is 6 kg/s. The high-T
upﬂow zone of the hydrothermal plume where ﬂuid temperatures are at least 3508C is narrower (208 m at the
seaﬂoor) and highlighted in color to mark the regions where most efﬁcient metal leaching and transport can
occur. Here the scaled 3-D ﬂow rate is 2 kg/s. If the total H2S-SiO2-metal concentration of 730 ppm is consid-
ered, this corresponds to a ﬂux of 45 t per year of dissolved components carried by the hydrothermal ﬂuids
to the seaﬂoor. At depositional efﬁciencies of 2.5, 5, and 10%, the mass accumulation expected over a period
of 58,200 years would be 65, 130, and 260 kilotons of SMS, respectively. The corresponding SMS accu-
mulation rates are 1.1, 2.2, and 4.4 t/yr (Table 2, run 1).
In further model runs we applied four permeability contrasts (c5 3, 10, 30, and 100) to fault zones with
varying width (1–500 m). Setups that result in high vent temperatures between 350 and 3608C are listed in
Table 2. As vent temperature decreases, the predicted SMS tonnage decreases for a given depositional efﬁ-
ciency. Consequently, the highest tonnages are reached with the lowest transmissibilities u (the product of
permeability contrast, c, and fault width, d, see Table 2) that still permit high-temperature venting. The end-
member cases are a narrow and highly permeable fault (d5 7 m, c5 100; Table 2, run 3) and a wide but
less permeable fault zone (d5 450 m, c5 3; Table 2, run 11). The modeled vent temperature decreases
with increasing transmissibility u of the fault. The predicted mass accumulation at 5% depositional efﬁ-
ciency agrees best with the estimated tonnage of 135 kilotons for the LHF1 deposit, and the 2.2 t/yr mass
Figure 2. Temperature distribution of the model setup (permeability contrast, c 510, fault
width, d5 50 m, relative fault transmissibility, u5 c3 d5 500), which produces the larg-
est amount of SMS (see run 1, Table 2). Temperatures above 3508C are marked in color, iso-
therms are labeled. The corresponding 3-D ﬂow rate at the seaﬂoor (for ﬂuids >3508C) is
2 kg/s over a width of 208 m. The entire plume (including low-T ﬂuids) is 660 m wide
when reaching the seaﬂoor and discharges 6 kg of ﬂuids per second.
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accumulation rate (Table 2, runs
1 and 3) corresponds closely to
previously published estimates
for similar-sized deposits [Han-
nington et al., 2010].
Figure 3 shows the mass accu-
mulation rates and tonnages for
an LHF1-sized system over a wide
range of depositional efﬁciencies
between the global average of
0.3% for MORs [Hannington et al.,
2011] and a maximum estimate
of 30% suggested for the TAG
hydrothermal ﬁeld by Humphris
and Cann [2000]. Vent tempera-
tures increase from left to right
in the different model runs in
response to the different fault
properties (Table 2). A maximum
of about 1 3 106 tons is reached
in the hottest model run at the
highest depositional efﬁciency of
30%; a minimum tonnage of 1
to 10 kilotons is predicted for the
lowest efﬁciency of 0.3%.
4.2. Influence of Fault
Properties on SMS
Accumulation
SMS tonnages and accumulation
rates are primarily controlled by
the discharge mass-ﬂow rate
and the size of the high-T
(>3508C) hydrothermal plume that rises to the seaﬂoor. In the case of fault-bounded ﬂuid ﬂow, these parame-
ters are directly controlled by speciﬁc characteristics of the fractures and fault zones. The results in Table 2
show how varying widths of the fault zones and different permeability contrasts with the surrounding rocks
control mass ﬂux (Figure 4) and associated SMS formation (Figure 3).
Figure 4 illustrates the effect of fault zone properties on hydrothermal ﬂuid ﬂow and associated SMS forma-
tion. The results from all model runs are plotted, including scenarios where the vent temperature is below
3508C (light blue region, Figure 4a) and above 3608C (light red region, Figure 4a), both conditions are not
applicable to the LHF1 in its current state. As previously shown by Andersen et al. [2015] vent temperatures
are inversely related to the 2-D mass ﬂux integrated along the seaﬂoor of the modeled proﬁle (kg s21 m21),
which is controlled by the extent and permeability of the fault zone (Figure 4a). The highest mass ﬂuxes
occur in the most permeable/widest fault zones, which are most efﬁcient in transporting ﬂuids (increasing
fault transmissibility). However, low vent temperatures are associated with these high mass ﬂuxes. When
the ﬂuid velocities/mass-ﬂux increases, due to an increased permeability and/or width of the fault zone,
more heat is required to raise the temperature of the circulating hydrothermal ﬂuids. Increased hydrother-
mal ﬂuid velocities also lead to a decreased residence time of the ﬂuid in the vicinity of the heat source,
and the hydrothermal ﬂuids are cooled (Figure 4b) due to the entrainment of cold seawater from the
surrounding.
With increasing fault transmissibility hydrothermal ﬂow becomes more focused and the rising plume diam-
eter decreases, which may lead to a smaller vent ﬁeld at the seaﬂoor (Figure 4c). The size of the plume
varies from 900 m, for the run with the lowest fault transmissibility of u5 100, achieved with a 1 m thin
Figure 3. SMS formation at the LHF1 hydrothermal ﬁeld. Varying fault properties (width/
permeability) result in varying vent temperatures (350–3608C, see also Table 2), which at
each depositional efﬁciency leads to a range of SMS deposit tonnages. Global average
depositional efﬁciencies for MORs: 0.3% [Hannington et al., 2011] and 3% [Cathles, 2010].
5% (average) and 10% (maximum)—estimated for SMS deposits at the Endeavour hydro-
thermal ﬁeld [Jamieson et al., 2014], 30% estimated at TAG hydrothermal ﬁeld [Humphris
and Cann, 2000]. Time period considered is the dated age of the LHF1 deposit of 58.2 kyr
[Cherkashov et al., 2010] in all runs. The vertical dashed line corresponds to the estimated
size of the deposit (135 ktons) and illustrates that a depositional efﬁciency of at least 5% is
required to accumulate a deposit of that size.
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fault and a permeability contrast of 100, to 360 m for the case with the highest fault transmissibility of
u5 1500 (Figure 4c). If we only look at the hottest, inner part of the plume (ﬂuids above 3508C with a
potential to carry metals), the potential discharge diameter of the vent ﬁeld is narrower, ranging between
445 m and 28 m.
The 3-D ﬂow rate is highest in the narrowest/least permeable faults (lowest transmissibility, u) that produce
the highest vent temperatures (Figure 4d). In the hottest modeled scenario (maximum vent temperature of
3688C), the ﬂow rates are almost 10 kg/s, with 3.4 kg/s at temperatures above 3508C (37% of the total
amount of ﬂuid in that model run) (Figure 4d, u5 100). Any scenario with a wider or more permeable fault
leads to a decrease of the 3-D ﬂow rate until all ﬂuids become colder than 3508C.
Figure 4. Systematic model runs of fault-controlled hydrothermal ﬂuid ﬂow. The run shown in Figure 2 is marked in red. Data points with black outline are in the range of high-T venting
observed at the LHF1 (350–3608C), also shown in table 2. Runs with vent temperatures <3508C (light blue ﬁeld 4a) and >3608C (light red ﬁeld 4a) are also shown for completeness,
although they are not able to efﬁciently leach and transport metals or do not apply to conditions observed at the LHF1 today. (a) Inverse relation between maximum steady state vent
temperatures and the 2-D mass ﬂux integrated along the seaﬂoor transect. (b) Increase in mass ﬂux with increasing fault transmissibility (u5 c3 d, the product of fault width and per-
meability contrast to the surrounding host rock). (c) With an increasingly ‘‘efﬁcient’’ fault, hydrothermal discharge becomes more focused due to the entrainment and mixing with cold
seawater. The entire plume has a wider discharge radius than the part with ﬂuids above 3508C, which are crucial for metal transport. (d) When scaling to 3-D ﬂow rate, both the 2-D mass
ﬂux and the diameter of the hydrothermal plume at the seaﬂoor are considered. The highest 3-D ﬂow rate is reached when the fault is just wide enough and/or permeable enough that
mixing with entrained cold seawater is limited. For the entire plume a maximum of 7 kg/s is reached (for LHF1 conditions between 350 and 3608C). This total ﬂow rate may be focused
into just seven black smoker vent sites with ﬂow rates of 1 kg/s each, consistent with the number of high-temperature vent sites observed at LHF1 (see also Figure 1c).
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In summary, the greatest metal transport occurs in the case of lowest transmissibility (i.e., lowest 2-D mass
ﬂuxes) because little mixing with cold seawater occurs and the ﬂuids are hot and undiluted (Figures 4a and
4b). The highest fault transmissibility results in a lower potential for metal transport because the fault zone
entrains more seawater which results in lower vent temperatures (i.e., hot hydrothermal ﬂuids are focused
to a narrower area: Figure 4c). The highest 3-D ﬂow rate and the optimal conditions for metal transport, tak-
ing into account both the 2-D mass ﬂux and the spatial extent of the hydrothermal plume at the seaﬂoor,
are reached when the fault is just wide and/or permeable enough that mixing with entrained cold seawater
is limited (Figure 4d).
It is worth mentioning that also the seaﬂoor bathymetry has an inﬂuence on the ﬂow pattern of the rising
hydrothermal plume, which in submarine systems tends to ﬂow toward bathymetry highs [Bani-Hassan
et al., 2012]. However, LHF1 is not an isolated high and that effect alone cannot fully account for the deﬂec-
tion. Moreover, it would be a curious coincident if the fault zone, which can be clearly identiﬁed in the seis-
mic data as well as in seaﬂoor morphology and which tip coincides with the location of LHF, was not a
hydrological conduit.
5. Reconciling Model Results and Field Observations
The measured discharge mass-ﬂow at black smoker vent oriﬁces is on average 1 kg/s (between 0.6 and
1.4 kg/s, measured at individual vents with temperatures of 3508C at the EPR [Converse et al., 1984, Table
3; Ramondenc et al., 2006]). The highest 3-D ﬂow rate (including ﬂuids of all temperatures) in our model
results is 10 kg/s (Figure 4d). If only the model scenarios are considered where ﬂuid temperatures are
between 350 and 3608C, corresponding to current conditions at the LHF1 (data points with black outline),
the rates are 4.3 to 6.8 kg/s. The highest ﬂow rate of 6.8 kg/s (u5 600/750; c5 30, d5 20/25 m) is equiva-
lent to 5–11 black smokers and matches the number of high-temperature vent sites currently active in the
Logatchev 1 hydrothermal ﬁeld (seven vent areas, including two mounds and ﬁve so-called ‘‘smoking cra-
ters’’ with several small chimneys each [Petersen et al., 2009]). The size of the modeled plume of several hun-
dred meters also corresponds nicely with the true geometry of venting at LHF1, where the maximum
distance between vent sites is about 500 m (between the Quest and ‘‘A’’ sites, Figure 1c).
Despite the close ﬁt between model results and ﬁeld observations the conditions at LHF1 were only repro-
duced in some model runs with ‘‘optimal’’ fault characteristics. Moreover, LHF1 is a small deposit by compar-
ison with other systems on slow spreading MORs [German et al., 2016] and other factors must be
contributing to large-scale hydrothermal ﬂuxes. A higher energy input into the hydrothermal system could
lead to higher mass ﬂuxes and heat output. Two possible scenarios are that vent ﬁelds mine heat from a
larger segment of the ridge [Baker, 2007] or alternatively the system is not in steady state and magmatic
events, like intrusions, temporarily increase the heat input [Strens and Cann, 1986]. To examine these alter-
natives, we created two additional model setups. In one (nonsteady state) scenario, we tested the inﬂuence
of a cooling magmatic intrusion on the duration of high-temperature venting and the evolution of mass
ﬂuxes. In another, the basal heat input is increased to mimic the contribution of heat from several km of
ridge, similar to the model of Coumou et al. [2009a, 2009b] and Driesner [2010]. We chose a heat input of 88
kW/m, which is 4 times higher than the predicted steady state heat input for the slow spreading Mid-
Atlantic Ridge, with an average spreading rate of 25 mm/yr, but still less than that of a fast spreading ridge
[Sinha and Evans, 2004].
The heat input driving hydrothermal circulation is a key controlling parameter and is intimately related to
the permeability of the system. Previous studies [e.g., Coumou et al., 2009b, Table 1; Driesner, 2010] have
shown that rock permeability and heat input in a hydrothermal system are coupled parameters: the higher
the permeability, the greater the heat input required to maintain high-T hydrothermal ﬂow. Here we show
that the same holds for a heterogeneous permeability ﬁeld (as was observed in Andersen et al. [2015])
including the modeled permeable fault of the LHF1. Figure 5 illustrates how vent temperatures systemati-
cally decrease for a given fault width when the background permeability, kb, of the system is increased
(runs 1–3). The maximum vent temperature for the lowest kb of 0.5 3 10
215 m2 applied is just below 3508C
(Figure 5, run 1), too low for any metal transport and accumulation of SMS. An even lower kb will lead to a
conductive system with no or slow ﬂuid movement, leading to unrealistic higher than magmatic tempera-
tures. The typical average value of 22 kW per m of ridge axis at the MAR produces high-T venting well
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above 3508C when applying a background permeability of 1 3 10215 m2. If a higher kb was applied, vent
temperatures will decrease.
5.1. Increased Basal Heat-Flux Scenario (Steady State)
Figure 6 compares the model runs with a heat input of 22 kW/m, to the new set of model runs where the
heat input at the base of the model domain is increased by a factor of 4 to 88 kW/m. In order to prevent
the bottom boundary layer from reaching unrealistically high temperatures (i.e., higher than magmatic tem-
peratures) and to maintain roughly the same temperature proﬁle at the base of the system (ﬂat-topped
Gaussian curve), permeability is increased to 4 3 10215 m2 to allow enhanced cooling of the crust. Both
data sets show the same inverse linear trend between vent temperature and integrated 2-D mass-ﬂux at
the seaﬂoor, and all runs with the higher energy input have mass ﬂuxes that are a factor of 3.5 higher
than in the low-energy runs (Figure 6a). The vent temperatures are also consistently higher, and higher vent
temperatures are reached with the same transmissibility of the fault. The trend of increasing 2-D mass ﬂuxes
with increasing fault transmissibility u persists in the high-energy model runs (Figure 6b). The 3-D scaled
ﬂow rates reach about 20 and 50 kg/s in those setups where vent temperatures are between 350 and
3608C, signiﬁcantly higher than the 4.3–6.8 kg/s for the low-energy runs.
5.2. Scenario With a Cooling Magmatic Intrusion (Nonsteady State)
An alternative scenario leading to higher mass and energy ﬂuxes could involve a cooling magmatic intru-
sion emplaced at the base of the fault zone. In this case, nonsteady state conditions temporarily exceed the
average crustal heat ﬂux derived from thermal models [Wilcock and Delaney, 1996; Baker, 2007; Driesner,
2010]. The inﬂuence of a cooling magmatic intrusion has been tested in a simpliﬁed model setup (Figure 7),
with an elliptical intrusion, 2 km thick and 3 km wide, similar to what has been proposed by Grevemeyer
et al. [2013] for LHF1. Heat released during cooling and crystallization of the intrusion is derived from a
temperature-dependent speciﬁc heat capacity, which is increased by a factor of 2 at temperatures above
6508C [Hanson and Barton, 1989; Hayba and Ingebritsen, 1997; Scott et al., 2016]. Permeability decreases line-
arly with temperature from host rock permeability to essentially impermeable in the intrusion. A constant
heat ﬂow of 0.1 W/m2 is applied to the bottom of the model, which leads to a maximum basal temperature
of 3208C and no convection without the inﬂuence of the intrusion. Host rock permeability is 10215 m2, fault
Figure 5. The effect of varying permeability kb, of the background rocks on hydrothermal vent temperatures in a system with a heteroge-
neous permeability including a 10 times more permeable tilted fault zone of varying width (LHF1 setup as in Figure 1b). Applied basal
heat input is constant (12.5 kW/m ridge axis).
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permeability and width are variable. The intrusion has a thermal conductivity of 2.7, typical for gabbro. The
other properties of the model remain unchanged.
The mass ﬂuxes and corresponding temperatures are plotted in Figure 6 (open symbols) together with the
results for the steady state model. These simulations also show the expected trends between mass ﬂux, dis-
charge temperature, and fault transmissibility. High fault permeabilities lead to a faster increase in mass
ﬂuxes with high-temperature venting starting soon after the emplacement of the intrusion. As observed in
the steady state experiments, high mass ﬂuxes result in lower vent exit temperatures. However, even the
highest mass ﬂuxes occur at temperatures of at least 3508C. High-temperature venting that is capable of
metal leaching and transport lasts between 1000 and 15,000 years, depending on the fault characteristics.
Maximum 2-D mass ﬂuxes of 0.05 kg/s/m are reached with high permeability contrasts (fault permeabil-
ities of 5 3 10214 m2 and 10213 m2) in combination with a 50–60 m wide fault zone. However, these high
mass ﬂuxes also result in faster cool-
ing of the intrusion and decrease in
vent temperatures. For the highest
computed mass ﬂuxes, discharge tem-
peratures above 3508C only last for
800 to 2200 years. Scaling to 3-D, as
described for the other model setups,
the ascending plume carries 14–1146
kilotons of metals, H2S and SiO2,
depending on the fault characteristics,
and the accumulation rate with a
depositional efﬁciency of 5% ranges
between 0.8 and 4.5 t/yr. The average
of 2.65 t/yr value is somewhat higher
than the presumed accumulation rate
of the LHF1 deposit (around 2.3 t/yr;
see, e.g., Figure 3). The maximum mod-
eled deposit size with 5% efﬁciency is
Figure 7. Model setup and temperature distribution after 15,000 years for the sce-
nario including a cooling gabbroic intrusion (nonsteady state).
Figure 6. Systematic model runs of fault-controlled hydrothermal ﬂuid ﬂow for basal heat input of 22 kW/m ridge axis (average for the slow spreading Mid-Atlantic Ridge) and an ele-
vated energy input of 88 kW/m ridge axis. Data points with black outline correspond to current high-T venting at the LHF1 (350–3608C). Unﬁlled symbols are from the nonsteady state
runs with a cooling magmatic intrusion (average values over the period where vent temperatures were >3508C). Stars represent runs with a permeability contrast of c5 50. (a) The high-
energy runs as well as the runs from the cooling intrusion show the same inverse relation between vent temperatures and 2-D mass ﬂuxes. Two-dimensional mass ﬂuxes are distinctly
higher for the high-energy runs and higher vent temperatures are reached. (b) The trend of increasing mass ﬂux with increasing fault transmissibility is also apparent in the two new
data sets. With a cooling intrusion high mass ﬂuxes occur together with high vent temperatures at high transmissibilities.
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58 kilotons in the 12,000 years of high-T venting in the corresponding model setup. The results from the tran-
sient model runs show that a cooling intrusion can temporarily enhance mass ﬂuxes and sustain higher vent-
ing temperatures leading to signiﬁcant accumulation of massive sulﬁdes at the seaﬂoor.
6. Summary and Conclusions
The results of numerical modeling show that the largest massive sulﬁde deposits at slow spreading ridges
are likely to be associated with faults that are just wide and permeable enough to deviate rising hydrother-
mal ﬂuids from their vertical ascent. This scenario triggers the ﬂow of high-temperature hydrothermal ﬂuids
(>3508C) at high ﬂuid mass-ﬂow rates to the seaﬂoor and thus provides favorable conditions for SMS accu-
mulation. Scenarios without a well-deﬁned permeable fault zone, typical at fast spreading MORs, result in
high vent temperatures but do not focus ﬂuid ﬂow along a ﬁxed pathway. Such systems are unlikely to pro-
duce large SMS deposits, which require the accumulation of metals at one location over long periods. Our
results further give an indication to why low-temperature venting (<2508C) is common at slow spreading
MORs and might be less so at fast ones: the latter are dominated by magmatic extension and shallow heat
sources (most likely closer to a steady state condition) and lack the deeply penetrating faults that entrain
cold seawater in slow spreading environments (most likely not in a steady state).
Our models of mass-ﬂow rates in combination with the known chemistry of the LHF1 ﬂuid show that a
depositional efﬁciency of at least 5% is required to accumulate a massive sulﬁde deposit the size of the
one at LHF1, applying the average energy input of the MAR and assuming a duration of hydrothermal
upﬂow corresponding to the age of the deposit. The depositional efﬁciency is higher than the estimated
global averages for MORs between 0.3 and 3% [Cathles, 2010; Hannington et al., 2011] but agrees well
with local SMS deposition estimated for speciﬁc sites (e.g., between 5 and 10% maximum efﬁciency at the
Endeavour segment of the Juan de Fuca Ridge [Jamieson et al., 2014]). However, it is likely that hydrother-
mal activity was intermittent, perhaps lasting only 10% of the time, as suggested for the large TAG mound
[Hannington et al., 1998]. At TAG accumulation of sulﬁdes is thought to have occurred during several tran-
sient phases of activity [Lalou et al., 1995; Tivey et al., 1995; Lalou et al., 1998]. In this case, the mass accu-
mulation rate during times of high-temperature venting would have been much greater. Strens and Cann
[1986] concluded that to produce an average-sized Cyprus-type massive sulﬁde deposit (3 3 106 tons)
it would have been necessary to sustain a circulation system with vent temperatures of at least 3508C
with mass-ﬂow rates as high as 150 kg/s for several 1000 years. An important difference between TAG
and LHF1 is that hydrothermal upﬂow at Logatchev is routed through the detachment fault, whereas at
TAG hydrothermal upﬂow is located in the hanging wall of a detachment. TAG ﬂuids are intercepted by
axial valley bounding faults and thus represent a more complicated fault architecture than the LHF1
setting.
Three different scenarios of fault-controlled hydrothermal ﬂuid ﬂow were examined: average MAR heat
input, elevated basal heat input, and a cooling intrusion. In the case of heat input typical of slow spread-
ing ridges, a fault zone that is not too wide or permeable can form the LHF1 SMS deposit (135 kilotons in
58,200 years) with a minimum depositional efﬁciency of 5%. Larger deposits (e.g., 2700 kilotons of mas-
sive sulﬁde in the TAG deposit) require increased heat input, either by mining heat from a longer section
of ridge or by intrusion of a magmatic body. Increasing the heat input by a factor of 4 at the base of the
model domain signiﬁcantly increases the high-T mass ﬂux (and therefore the number of high-
temperature vents at the seaﬂoor) and consequently the predicted tonnages of SMS (Figure 8). Three-
dimensional scaled mass-ﬂow rates for the high-energy runs achieved ﬂuxes between 20 and 50 kg/s at
vent temperatures between 350 and 3608C (equivalent to 20–50 black smoker vents). With this elevated
basal energy input, the known LHF1 deposits of 135 kilotons could have formed over a much shorter
time period or with a much lower depositional efﬁciency of only 1%. The nonsteady state scenario with
a cooling intrusion, even with a highly permeable, wide fault zone, also leads to higher mass accumula-
tion rates (up to 4.5 t/yr at 5% depositional efﬁciency) that could contribute to the formation of a large
sulﬁde deposit.
Our model results indicate the crucial role that a heterogeneous crust with variable permeability plays in
controlling vent temperatures. The model results provide an indication of what types of faults are most
likely to be associated with the most productive hydrothermal ﬂow and the formation of the largest SMS
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deposits. The most productive
fault zones are not the widest
and the most permeable but
those that are just wide and/or
permeable enough to capture a
rising hydrothermal plume from
its vertical ascent and to focus it
into well-constrained discharge
zones at the seaﬂoor. In general,
it is more difﬁcult to heat an
entire system where the ﬂux of
ﬂuids in the fault zone is large
than a more focused upﬂow.
Moreover, faults that are too
wide and too permeable (high
transmissibility) effectively cool
hot hydrothermal ﬂuids by mix-
ing with colder entrained seawa-
ter. These results agree well with
the study by Strens and Cann
[1986] who also described the
inverse relationship between
mass-ﬂow rates and vent tem-
peratures. We have moreover
shown that crustal permeability
and basal heat ﬂux driving a
hydrothermal system should be
considered as coupled parameters; not only in homogeneous systems as previously shown by, e.g., Coumou
et al. [2009b] and Driesner [2010] but also in heterogeneous systems including a permeable fault as investi-
gated here.
Having identiﬁed the types of faults that are more likely to host productive hydrothermal upﬂow, the inter-
esting and challenging question is: How can such faults be identiﬁed on the ocean ﬂoor? Studies of tertiary
normal faults on Iceland have established a number of key relationships, for example, between the vertical
extent of normal faults and their strike lengths (generally speaking, deeper faults have greater strike
lengths) and between breccia thickness and fault throw [Forslund and Gudmundsson, 1992; Gudmundsson,
1992]. These observations offer ﬁrst-order guides for mapping crustal permeability at depth. Simple analyti-
cal models also have been derived to approximate the volumetric ﬂow rates of ﬂuids in the fault networks
[Gudmundsson et al., 2001]. How these crucial aspects can be deﬁned in the ﬁeld and investigated in a way
that is useful for exploration is an important question for further research both on the seaﬂoor and on land.
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